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Mounting evidence suggests that the TeV–PeV neutrino flux detected by the IceCube telescope has
mainly an extragalactic origin. If such neutrinos are primarily produced by a single class of astrophysical
sources via hadronuclear (pp) interactions, a similar flux of gamma-ray photons is expected. For the first
time, we employ tomographic constraints to pinpoint the origin of the IceCube neutrino events by
analyzing recent measurements of the cross correlation between the distribution of GeV gamma rays,
detected by the Fermi satellite, and several galaxy catalogs in different redshift ranges. We find that the
corresponding bounds on the neutrino luminosity density are up to 1 order of magnitude tighter than those
obtained by using only the spectrum of the gamma-ray background, especially for sources with mild
redshift evolution. In particular, our method excludes any hadronuclear source with a spectrum softer than
E−2.1 as a main component of the neutrino background, if its evolution is slower than ð1þ zÞ3. Starburst
galaxies, if able to accelerate and confine cosmic rays efficiently, satisfy both spectral and tomographic
constraints.

DOI: 10.1103/PhysRevLett.115.221101 PACS numbers: 95.85.Pw, 95.85.Ry, 98.70.Rz, 98.70.Vc

Introduction.—The discovery of the PeV neutrinos by
IceCube [1,2] has launched the era of high-energy neutrino
astronomy. The current data set is compatible with a flux in
excess with respect to the atmospheric background, with an
isotropic allocation of events on the celestial sphere and
flavor equipartition [1–6]. Because of the current low
statistics, the origin of the high-energy IceCube events is
not yet known, but an extragalactic and mostly diffuse
origin appears to be favored [7,8].
High-energy neutrino production from cosmic acceler-

ators has been the subject of a cascade of theoretical
studies, especially after the IceCube results were
announced [7,8]. Many papers discuss the neutrino emis-
sion from one specific source class by adopting a model-
dependent approach, for active galactic nuclei (AGNs)
[9–18], star-forming galaxies [19–28], gamma-ray bursts
[29–36], galaxy clusters [37–40], and dark matter decays
[41–45].
Alternatively, a more generic approach focuses on the

phenomenological aspects of the potential sources. For
example, assuming photomeson production (pγ) of neu-
trinos, Ref. [46] obtained constraints on the source size and
magnetic field strength needed to match the IceCube flux.
Reference [47] hypothesized that the TeV–PeV neutrinos
were generated via hadronuclear interactions (pp) and
concluded that the cosmic ray spectrum of the dominant
neutrino sources should be harder than E−2.2. This is
because the associated gamma-ray spectrum will extend
down to GeV energies, where the flux of the isotropic
gamma-ray background (IGRB) measured with the Fermi
Large Area Telescope (LAT) [48] cannot be overshot. The
connection with sources of ultrahigh-energy cosmic rays
has also been considered [49–51].

In this Letter, we complement the existing model-
independent investigations of pp neutrino sources by
proposing an entirely new method: Tomographic con-
straints, up to now adopted in studying IGRB sources.
We base this approach on the measurements of Ref. [52],
which analyzed the IGRB data and found that they were
spatially correlated with galaxy distributions. Compared to
the commonly adopted spectral analysis, the tomographic
method allows us to efficiently extract a dominant IGRB
component in certain redshift ranges following galaxy
catalogs, as originally proposed for dark matter detection
[53–55]. This provides stringent constraints on astrophysi-
cal sources [52] and dark matter [56].
We show that the tomographic approach allows us to

tightly constrain the redshift evolution and the energy
spectrum of any class of astrophysical source producing
high-energy neutrinos through pp interactions, especially
if the source luminosity density mildly evolves as a
function of redshifts. It provides constraints on the expected
neutrino flux that are more stringent by up to 1 order of
magnitude with respect to the common spectral approach
(e.g., Ref. [47]). We find that any source with a spectrum
softer than E−2.1 is excluded, if its redshift evolution is
slower than ð1þ zÞ3. On the other hand, sources with a
hard spectrum and fast evolution can still be dominant in
both gamma rays and neutrinos.
Besides the pp origin of the high-energy neutrinos, we

assume that (i) the energy spectrum is a power law, E−α,
extending up to PeV energies, (ii) the source luminosity
density evolves as ð1þ zÞδ up to zc, and is constant for
z > zc, and (iii) the astrophysical sources trace the under-
lying dark matter distribution. The third assumption is
generic for any known extragalactic source that is likely
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associated with large cosmic structures. We adopt cosmo-
logical parameters from Ref. [57].
Gamma-ray intensity.—We first introduce a differential

gamma-ray intensity, IγðEÞ, as the number of gamma-ray
photons received per unit area, unit time, unit solid angle,
and unit energy. It is computed as an integral of the
gamma-ray window function,WγðE; zÞ, over the comoving
distance χ:

IγðEÞ ¼
Z

dχWγðE; zÞ; ð1Þ

WγðE; zÞ ¼
1

4πΛE02
min

�
E

E0
min

�
−α nðzÞhLγðzÞi

ð1þ zÞα e−τðE;zÞ; ð2Þ

where nðzÞ is the source number density at z, hLγðzÞi is the
mean gamma-ray luminosity emitted between E0

min ¼
0.1 GeV and E0

max ¼ 100 GeV in the source rest frame
(as represented by 0), and

Λ ¼
(

1−ðE0
max=E0

minÞ2−α
α−2 for α ≠ 2;

lnðE0
max=E0

minÞ for α ¼ 2:
ð3Þ

The source luminosity density is assumed to evolve as

nðzÞhLγðzÞi ¼ Eγ;0 ×

� ð1þ zÞδ for z ≤ zc;

ð1þ zcÞδ for z > zc:
ð4Þ

The constant evolution above zc is motivated by the
observations of infrared luminosity density of star-forming
galaxies (e.g., Ref. [58]). We note that unless the redshift
dependence continues to increase steeply up to high z,
our conclusions are largely unaffected. Very-high-energy
gamma rays are subject to absorption by the extragalactic
background light (EBL). This is taken into account through
the exponential term in Eq. (2), where τðE; zÞ is the optical
depth [59].
For each set of ðα; δ; zcÞ, by taking Eγ;0 as a free

parameter, we compute the χ2 statistic as follows:

χ2 ¼
X
i

�
Ii;dat − Ii;thðEγ;0jα; δ; zcÞ

σi;dat

�
2

; ð5Þ

where Ii;dat and σi;dat are the spectral intensity data and the
associated root-mean-square error in the ith energy bin,
respectively, and Ii;thðEγ;0Þ is the theoretical model intensity
for Eγ;0. The 95% confidence level (C.L.) upper limit on
Eγ;0 is obtained by solving Δχ2 ¼ χ2 − χ2min ¼ 2.71.
The top panel of Fig. 1 shows the gamma-ray spectrum

for α ¼ 2.2, δ ¼ 2, and zc ¼ 1.5 (blue dotted), compared
with the IGRB measured by Fermi [48]. The value of the
local luminosity density Eγ;0 corresponding to the 95% C.L.
upper limit is E95%C:L:

γ;0 ¼ 2.5 × 1045 erg yr−1 Mpc−1.

Cross correlation with galaxy catalogs.—The cross-
correlation angular power spectrum, Cγg

l , between the
gamma-ray intensity, Iγðn̂Þ, and the galaxy surface density,
Σgðn̂Þ, is related to the angular correlation function through
the following relation (e.g., Ref. [54]):

hδIγðn̂ÞδΣgðn̂þθÞi¼
X
l

2lþ1

4π
Cγg
l WlPlðcosθÞ; ð6Þ

where δIγ ¼ Iγ − hIγi, δΣg ¼ Σg − hΣgi, Plðcos θÞ is the
Legendre polynomial, and Wl is the beam window
function (i.e., the Legendre transform of the point spread
function of the Fermi LAT [52]).
The angular cross-power spectrum Cγg

l is computed as
(e.g., Ref. [54])

FIG. 1 (color online). Top: Gamma-ray (blue) and neutrino
(red) intensities for a model with α ¼ 2.2, δ ¼ 2, and zc ¼ 1.5.
The dotted curves correspond to the 95% C.L. upper limit due to
the Fermi spectrum data (the green band represents the systematic
uncertainty due to the subtraction of the Galactic emission [48]).
The solid curves correspond to the same limit but due to the cross-
correlation data. IceCube data for the neutrino intensity are
shown above 10 TeV, whereas the orange band represents the
68% C.L. region of the corresponding best-fit single power-law
model [5]. Bottom: Cross-correlation angular power spectrum
between the Fermi data, above 1 GeV, and the 2MASS galaxies,
compared with the measurements by Ref. [52]. Model parameters
as well as line types are the same as the top panel.
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Cγg
l ¼

Z
dχ
χ2

WγðzÞWgðzÞPγg

�
k ¼ l

χ
; z

�
; ð7Þ

where WγðzÞ is the integrated gamma-ray window func-
tion, and WgðzÞ is the galaxy window function that is
related to the galaxy redshift distribution, dNg=dz, via
WgðzÞ ¼ ðd lnNg=dzÞðdz=dχÞ. We approximate the cross-
correlation power spectrum between the gamma-ray emit-
ters and the galaxy catalogs as Pγg ≈ bγbgPm, where Pm is
the nonlinear matter power spectrum computed with the
publicly available CLASS code [60], and bg and bγ are the
bias factors for the catalog galaxies and the gamma-ray
emitters, respectively. We assume that gamma-ray sources
are unbiased tracers of the dark matter distribution, i.e.,
bγ ¼ 1. Since astrophysical sources are typically positively
biased dark matter tracers (e.g., Ref. [52] and references
therein), it is a conservative assumption.
The cross-correlation analysis of Ref. [52] adopted five

different catalogs: the Two Micron All Sky Survey
(2MASS), quasars in the Sloan Digital Sky Survey
(SDSS), the SDSS main galaxy sample, luminous red
galaxies in the SDSS, and radio galaxies in the NRAO
VLA Sky Survey (NVSS). Each of these catalogs traces
underlying dark matter distribution in a certain redshift
range with a characteristic bias bg as in Ref. [52]. Although
some of them represent AGNs, they can be used in the same
way as galaxies, for which we call them “galaxy” catalogs
collectively. We use a redshift distribution dNg=dz and a
typical bias bg appropriate for each catalog, and three
different energy ranges for the gamma rays (> 500 MeV,
> 1 GeV, and > 10 GeV) [52].
Similarly to the spectral analysis, for each given set of

ðα; δ; zcÞ, we compute the χ2 as follows:

χ2¼
X
γ;g

X
l;l0

ðCγg
dat−Cγg

th ÞlðCov−1Þll0 ðCγg
dat−Cγg

th Þl0 ; ð8Þ

where γ and g run through three energy bins and five galaxy
catalogs, respectively, l and l0 represent the multipole bins
of the measurements, and Cov is the covariance matrix. We
again use Δχ2 ¼ 2.71 as a criterion to obtain the 95% C.L.
upper limit on Eγ;0.
In the bottom panel of Fig. 1, we show, with a solid

curve, the Cγg
l corresponding to the 95% C.L. upper limit

for α ¼ 2.2, δ ¼ 2, and zc ¼ 1.5, compared with the cross-
correlation data between the > 1 GeV photons and the
2MASS galaxies, which gives the major contribution to the
χ2. The dotted curve, in contrast, is the 95% C.L. upper
limit due to the spectral data alone, and it is clearly
inconsistent with the cross-correlation measurement. The
top panel of the same figure shows the corresponding
energy spectra for both approaches. It is clear that the
source with the parameters adopted in Fig. 1 cannot be
the main component of the IGRB spectrum because the

cross correlation provides a tighter constraint: E95%C:L:
γ;0 ¼

5.9 × 1044 erg yr−1 Mpc−3.
Figure 2 shows the 95% C.L. upper limits on Eγ;0 as a

function of α, for δ ¼ 2 and zc ¼ 1.5. For a wide range of
spectral indices, the cross-correlation data provide con-
straints that are more stringent than the spectral data by up
to 1 order of magnitude. We also find that the difference is
larger for smaller δ, since the cross-correlation constraints
are stronger for smaller redshifts, particularly due to the
2MASS galaxies. For δ≳ 4, we find that both the spectrum
and cross correlations provide comparable constraints on
Eγ;0. The dependence on zc, on the other hand, is signifi-
cantly weaker as long as zc ≥ 1.
We note that, to be conservative, we did not include

secondary gamma rays that are generated by electromag-
netic cascades, which would improve the spectral con-
straints [47]. If the intergalactic magnetic fields are
sufficiently weak such that the cascades do not produce
halos or larger diffuse emission (e.g., Ref. [61]), the
tomographic constraints will also be improved by the same
factor.
Constraints on high-energy neutrinos.—If neutrinos are

produced by cosmic ray protons via pp interactions, their
intensity is related to that of gamma rays [62]:

IνðEνÞ ≈ 6Iγ;no-EBLðEγÞ; ð9Þ

with Eγ ¼ 2Eν. Here, Iν is the neutrino intensity for all
flavors, and Iγ;no-EBL is the gamma-ray intensity without
EBL absorption. Therefore, constraints on IγðEγÞ (or Eγ;0),
for each set of the parameters ðα; δ; zcÞ, can be directly
transformed into those of a neutrino intensity in the TeV–
PeV energy range through Eq. (9).
The top panel of Fig. 1 shows the 95% C.L. upper limits

on IνðEνÞ from the IGRB spectrum (red dotted) and the
cross-correlation data (red solid) for α ¼ 2.2, δ ¼ 2, and
zc ¼ 1.5. We find that while the IGRB spectrum analysis

FIG. 2 (color online). The 95% C.L. upper limits on the local
gamma-ray luminosity density Eγ;0, between 100 MeV and
100 GeV, as a function of α for δ ¼ 2 and zc ¼ 1.5. The limits
due to the spectrum and cross-correlation data are shown as
dotted and solid curves, respectively.
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suggests this particular model to be compatible with the
IceCube data, the tomographic approach constrains it as a
subdominant source.
Figure 3 shows the dependence of the neutrino intensity

integrated above 25 TeV on α and δ for a fixed zc ¼ 1.5.
The intensity range preferred by the best-fit single power-
law model of the IceCube data [5] is also shown for
comparison. For each model characterized by ðα; δÞ, we
show constraints due to the spectral and tomographic data,
as thin and thick curves, respectively. Note that the tomo-
graphic analysis gives tighter constraints by up to 1 order of
magnitude with respect to the spectral analysis, especially
for small δ. In particular, for any source class slowly
evolving (e.g., δ≲ 3), even a very hard spectrum such as
E−2.1 is nearly excluded as the dominant source for the
IceCube neutrinos. Any soft source with α ≳ 2.2 should
contribute much less to the total neutrino flux than
previously expected (e.g., Refs. [24,47]). Models with a
spectrum as hard as E−2, on the other hand, are still
compatible with the IceCube flux level.
Discussion and outlook.—Under the hypothesis that the

TeV–PeV IceCube neutrinos are mostly generated from pp
interactions in a single astrophysical source class (or more
classes with similar properties), Fig. 3 implies that a model
with α ≈ 2.15 and δ ≈ 4 (for zc ¼ 1.5) can explain most of
the neutrino flux. At the same time, sources of this kind can
explain most of the IGRB flux as well as the measured
cross correlations. We note that in order for such a hard
spectrum to be compatible with the IceCube data, a PeV
spectral cutoff is required [5] (but data in the northern
hemisphere still allow it without a cutoff [6]). Otherwise,

the comparison of the current data set with our results might
suggest a mixed pp − pγ, or even a pure pγ origin of the
IceCube neutrino events.
Interestingly, starburst galaxies well satisfy the above

conditions for the pp origin, although efficient cosmic ray
confinement needs to be achieved [19,24,28]. While direct
gamma-ray measurements of the redshift evolution of star-
forming galaxies are not yet available, observations of their
infrared luminosity (or of the star-formation rate) support
such steep evolution. In particular, the evolution of starburst
galaxies is characterized by δ≳ 4 up to zc ≈ 1.5 [58]. Here,
we assumed that the local correlation between infrared and
gamma-ray luminosities [63] holds also at high redshifts.
Based on a modeling of resolved gamma-ray sources,

Ref. [64] argued that about 20%–30% of the IGRB above
100 MeV can be explained by blazars (a subclass of
AGNs). Furthermore, for energies above ∼100 GeV, the
blazar contribution can be substantial, explaining most of
the IGRB data and leaving little room for any other source.
This might point toward an even harder source population
with steep redshift evolution for the neutrinos, which would
be, however, subdominant both in the IGRB flux and cross
correlations. For example, in the case of α ¼ 2 and δ ¼ 4,
once we tune the gamma-ray luminosity density to match
the level of ∼10% of the IGRB flux and cross correlations,
the same model could explain most of the neutrino data.
Clusters and groups of galaxies have also been inves-

tigated as potential neutrino sources [40,47], where cosmic
rays, generated through large-scale-structure shocks
[37,40] or injected by star-forming galaxies [27], interact
with the intracluster medium. Since the cluster or group
number density decreases as a function of redshift, imply-
ing a small value of δ, tomographic constraints are very
stringent. When considering starbursts or AGNs in clusters
or groups, their quick redshift evolution has to be coupled
with the negative one of clusters. As an example, we
calculated that the overall evolution is locally characterized
by δ < 2 that quickly decreases to negative values for
z≳ 0.5. In addition, clusters are largely biased with respect
to dark matter (i.e., bγ ∼ 5 for 1015 M⊙ and z ¼ 0 [65]),
making the tomographic constraints tighter than those
shown in Fig. 3. Therefore, clusters and groups are
disfavored by the cross-correlation data.
These arguments cannot be applied to pγ sources, such

as AGNs [12,13,15,16,18]. This is because the threshold
for pγ interactions is typically very high. It is also argued
that such sources may be optically thick for GeV gamma
rays [66]. In any case, it appears unlikely that AGNs can be
responsible for all the IceCube neutrino events. In fact,
Ref. [18] recently suggested that the diffuse emission from
blazars can explain the IceCube neutrino flux at energies
above ∼PeV only.
In conclusion, the tomographic method that we apply for

the first time to high-energy neutrinos yields tight con-
straints on the properties of any hadronuclear source,

FIG. 3 (color online). The 95% C.L. upper limits on the
neutrino intensity integrated above 25 TeV as a function of δ
for various values of α and fixed zc ¼ 1.5. Thick and thin curves
show the limits due to the tomographic and spectral analyses of
the IGRB, respectively. The horizontal magenta band shows the
68% C.L. interval of the best-fit single power-law model for the
IceCube neutrino data [5], corresponding to the neutrino band
shown in Fig. 1.
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providing complementary bounds on their injection spec-
tral index and redshift evolution. In particular, we show that
only hard spectrum sources with fast redshift evolution can
produce a neutrino flux at the same level as the IceCube
measurement. The potential relevance of this method in
connection with high-energy neutrinos is expected to
quickly increase in the near future, because of the growing
galaxy samples for the cross-correlation analysis, including
cosmic shear measurements that already seem promising
[67–69].

We thank Alessandro Cuoco for sharing the cross-
correlation data and their covariance matrices presented
in Ref. [52] and for comments on the Letter, and Kohta
Murase for discussions. This work was supported by the
Netherlands Organization for Scientific Research (NWO)
through Vidi (S. A. and I. T.) and Veni (F. Z.) Grants.
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